Synthetic amino acids are not permitted in organic feeds by the National Organic Standard Board (NOSB) in the USA. However, low levels of methionine (Met) are permitted, and the NOSB recommends 0.1% synthetic Met for broilers. Inadequate level of dietary methionine poses concerns pertaining to health and welfare of broilers, as these limitations lead to possible Met deficiency. This research examined the effects of complete replacement of synthetic DL-methionine (DLM) by Brazil nut powder in a 100% organic diet. Eight hundred Ross 308 chicks were hatched and randomly divided into 4 treatments with 4 replicates of 50 chicks and raised for 56 days. Treatments included birds fed a conventional diet and raised organically (Conv_Org), NOSB diet raised organically (NOSB_Org), 100% organic diet and raised organically (Org_Org), and a conventional diet raised conventionally (Conv_Conv). Body weight at 56 days were 3960, 3995, 3981, and 3676 g for Conv_Org, NOSB_Org, Org_Org, and Conv_Conv, respectively. Body weights of the Conv_Conv group were lower (P < 0.05) than the other treatments. The FCR (0-8 weeks) of Org_Org treatment was lower (P < 0.05) than the NOSB diet.
Introduction
Amino acids (AA) are vital in poultry diets. Essential AA, which cannot be synthesized in adequate amounts in birds, are provided to poultry through the diet (Jankowski et al. 2014) . Methionine (Met) is the first limiting AA in a typical corn and soybean meal (SBM) diet and plays an important role in poultry metabolism (Demattê Filho et al. 2016; Tesseraud et al. 2011) . Met, a sulfur-containing AA, is involved in over 100 methylation reactions including the production of metabolites (Fu et al. 2016) .
Though Met is central to poultry metabolism, conventional corn and SBM do not provide adequate Met for poultry (Jacob 2013) , and as a result, poultry diets are supplemented with synthetic Met (Jankowski et al. 2014) . This is acceptable for conventionally raised poultry, but organically raised poultry are limited in the use of synthetic ingredients in the diet by the National Organic Standards Board (NOSB). Synthetic Met is restricted to 2 lb per ton of feed for organic broilers feed (USDA 2012; Riddle 2013) in the USA. In Europe, synthetic ingredients are required to be completely removed from organically reared poultry feed (EU 2018) . To provide Met to organic poultry, producers have turned to alternative organic sources of Met. Various studies (Burley et al. 2015; Jacob 2013) have identified multiple plant-and animal-based sources of Met, including Brazil nut meal, fish meal, sesame hulls, and corn gluten meal. Brazil nut meal contains about 3.35% Met, while fish meal contains about 2% Met. However, fish meal often leads to an undesirable fishy taste of the chicken's meat. Organic sesame hulls and corn gluten meal also contain high amounts of Met. Neither are commercially available in the USA. In addition to synthetic ingredient restrictions, organic broiler production requires unrestricted pasture access. Ponte et al. (2008b) reports that broilers with pasture access have improved performance compared to those without pasture access. Conversely, Ipek and Sozcu (2017) observed decreased performance of broilers with pasture access compared to conventionally reared broilers, while Moyle et al. (2014) reported no growth differences between pasture and nonpasture raised broilers.
For this study, Brazil nut powder was selected as a source of Met for poultry diets because of high Met content and digestibility. The digestible Met and cysteine in the Brazil nut powder used in the current study were 3.36% and 1.05%, respectively (Milfort et al. 2017) . Brazil nut powder was attained in a large commercial quantity for the means of this research. This study directly compares a diet containing Brazil nut powder to both an NOSB and conventional diet. Conventional and organic environmental effects on growth and performance were also examined.
Materials and methods
A total of 800 Ross 308 broilers were randomly divided into 4 treatment groups of 4 replicates each with 50 birds. Slower growing broilers were not used in this instance because of limited availability and limited use in large-scale production. Birds were raised for 8 weeks. From days 1 to 14, the birds received a mash starter diet.
Grower (days 15 to 28) and finisher (days 28 to 56) diets were pelleted. Three diets were formulated for this study. The conventional poultry diet was formulated using nonorganic and synthetic ingredients. The NOSB diet was formulated using all organic ingredients and adhered to USDA National Organic Program criteria and contained only 0.1% DL-methionine (DLM). The organic diet of interest was formulated using Brazil nut powder as a source of Met and utilizing only organic ingredients. All diets were formulated as best to meet all nutritional requirements for Ross 308 broilers. Naturally, Met restriction allowed the NOSB diet to fall short of Met requirements. The starter, grower, and finisher diets of all treatments are presented in Tables 1, 2, and 3, respectively. Four treatments were created using these 3 diets and 2 husbandry locations: birds fed the conventional diet and raised in an organic environment (Conv_Org), birds fed the NOSB diet and raised in an organic environment (NOSB_Org), birds fed the organic Brazil nut powder diet and raised in an organic environment (Org_Org), and birds fed the conventional diet and raised in a conventional environment (Conv_Conv). Both organic and conventional husbandry environments were University of Georgia poultry research sites.
At hatch, 50 chicks were placed in 1.22 m by 1.83 m conventional pens with pinewood shavings to ensure proper brooding conditions were achieved. The birds were brooded for 14 days. Lighting and temperature management practices were in accordance with Ross 308 standards (Aviagen 2014) . At 14 days of age, Conv_Org, NOSB_Org, and Org_Org treatments were moved to an organic setting that adhered to organic production guidelines. The pens at the organic setting were lined with pine shavings and measured 8.23 m by 2.44 m, with pasture area measuring 13.41 m by 2.44 m (1.06 m 2 per bird). The birds were given 24-h access to pasture, along with ab libitum water and feed via nipple drinkers and feeders. No artificial light was used in the organic environment. Conv_Conv was left in a conventional environment with no access to pasture and pens measuring 7.32 m by 1.83 m (0.27 m 2 per bird). Conv_Conv birds were provided light for 16 h a day and ab libitum water and feed via identical nipple drinkers and feeders. Temperature at the conventional environment was kept at 26.5°C; temperatures in the organic environment varied due to daily weather variation. Weekly body weights (BW) were taken from hatch till day 56. Feed intake per pen was also measured weekly over the span of the experiment. On day 56, 3 males and 3 females from each replicate were randomly selected and processed for carcass composition which comprised of carcass, Pectoralis (P.) major, P. minor, drum, thigh, and abdominal fat yield. Birds were killed by electrical stunning and exsanguination. The birds underwent soft scalding and de-feathering by plucking equipment. Evisceration and fat pad removal were done manually. Hot carcass weight and fat pad weight were then taken. All carcasses were immersion-chilled overnight. Carcasses were then weighed and manually separated into the breast, tenderloin, thigh, drum, and wing.
The following model was implemented using PROC GLM in SAS 9.4 (SAS 2017)
where Y ij is the measurement for any given treatment for bird i in treatment j, μ is the overall mean, T j is the effect of treatment j, and e ij is the random error term. The Tukey test evaluated statistical significance between treatments at P < 0.05.
Results
The weekly BW of birds are presented in Table 4 . At the end of the starter phase, Conv_Conv treatment birds were heavier (P < 0.05) than those fed the Org_Org or NOSB_Org diet. However, at the end of the grower phase, there was no difference b e t w e e n t h e C o n v _ O rg , N O S B _ O rg , a n d Conv_Conv treatments. The birds in the Org_Org The carcass composition yields among all treatments are provided in Table 6 . There were no differences (P > 0.05) in carcass, P. major, P. minor, abdominal fat, drum, and thigh yields among all the treatments.
Bird mortalities for the 4 treatments during the entire 8-week trial were 7.5, 6.5, 10.0, and 5.0% for Conv_Org, NOSB_Org, Org_Org, and Conv_Conv treatments, respectively. Though percent mortality appears to differ, there was no significant difference (P > 0.05) in mortality between the four treatments. 
Discussion
This study focuses on growth and performance comparisons between broilers fed organically sourced Met and broilers fed conventional synthetic Met. Overall, broiler chickens fed a diet that included Brazil nut powder and raised organically showed a more desirable cumulative FCR and lower feed intake than chickens fed a standard NOSB diet containing synthetic Met and raised organically. Additionally, there was no difference in final BW or cumulative FCR between Org_Org and Conv_Org, demonstrating Brazil nut powder as a viable inclusion for organic broiler diets. Burley (2012) fed a diet that contained Brazil nut protein powder and wheat middlings to broilers raised in battery cages. The starter and grower diets contained 5.50 and 4.26% Brazil nut protein powder, respectively, and met the Met requirement for the Ross 308 broiler chickens used. The study concluded that over the duration of the trial, broiler chickens fed Brazil nut protein powder had comparable growth, feed intake, and FCR with their counterparts fed a conventional balanced diet.
In the current study, broiler chicken diets that included Brazil nut powder were able to meet the Met requirement. At the starter phase, all the birds were raised in a conventional production environment; therefore, the Conv_Conv and Conv_Org treatment birds were expected to grow faster than the NOSB_Org birds, since the conventional diet met the Met requirement of the birds and the NOSB diets contained less than required Met. The chickens fed the NOSB diet in the starter phase consumed more feed than their counterparts, possibly to compensate for the deficient Met diet. The Org_Org treatment had comparable feed intake with the Conv_Conv group in the starter phase, yet the birds had significantly lower growth. It is possible that there are unknown nutritional elements in Brazil nut powder that have a negative effect on chicks. A possible anti-nutritional element could be a high amount of conjugated linoleic acid. Szymczyk et al. (2001) saw decreased broiler body weight when fed an increased amount of conjugated linoleic acid. Brazil nuts are high in lipid content. Of those lipids, 40% is linoleic acid (USDA 2015) .
At the end of the starter phase, 3 treatments were transferred to an organic environment where they had access to pasture. At the end of the grower phase (day 28), the Conv_Org, NOSB_Org, and Conv_Conv treatments had similar BW, but the BW for the Org_Org treatment group was significantly lower. Pasturing may have played a role in the growth of the chickens on the NOSB diet. Even though the absolute BW of the Org_Org treatment group was lower than all other treatments, their gain during the grower phase was similar to that of the Conv_Conv and the Conv_Org groups but remained lower than the NOSB_Org group. Chickens in the NOSB_Org treatment group still had a significantly increased feed intake in the grower phase compared to all other groups. At the end of the grower phase, the Conv_Org group had a better FCR than all the other groups. Pasture is a reservoir of nutrients from the vegetation present, and Ponte et al. (2008b) showed that pasture provides high amounts of protein to foraging broilers. Broiler chickens with access to pasture showed higher growth than their counterparts with no access to pasture. Additionally, broiler chickens have been shown to consume high amounts of pasture when fed a conventional corn-SBM diet (Ponte et al. 2008a, b) . Moritz et al. (2005) explains with access to pasture comes increased access to nutrients, allowing pasture raised broilers to increase nutrient intake compared to nonpasture raised broilers, improving performance. Quantifying pasture intake was not of focus in this study; however it was observed that all organically raised treatments had steady pasture activity during dawn and dusk, with no one treatment standing out from the rest. At the end of the finisher phase, all the birds raised in the organic production environment showed no difference in either BW or BWG. Chickens raised in the conventional environment had BW and gain that were significantly different from pasture-reared birds. At the finisher phase, the chickens on the NOSB diet still had a slightly increased feed intake compared to their other counterparts raised in the organic environment, but this increase was not significant. Conv_Conv chickens had significantly lower feed intake than the NOSB chickens and numerically lower feed intake compared to Conv_Org. The higher feed intake of the Conv_Org birds may be due to the forgiving temperatures of dawn and dusk, when temperature is relatively low, allowing for more activity and feeding.
In the current study, it appears that birds that had access to pasture showed increased growth when compared to their counterparts in the conventional environment. This is in accordance with the observation of Ponte et al. (2008a, b) . However, Fanatico et al. (2009) and Moyle et al. (2014) reported no differences in BWG, feed intake, and FCR of fast-growing broilers provided access or no access to pasture. Moyle et al. (2014) postulated that the lack of performance difference may be due to limited available nutrients present within the forage. In the current study, forage was not analyzed for nutrient availability. Recently, Ipek and Sozcu (2017) reported that slow-growing broiler chickens with access to pasture had lower final BW and FCR (days 42-84) than their counterparts raised in a conventional environment. Possible reasons for this outcome include limited nutrient availability of forage and more exercise and activity from broilers with access to pasture. In the current study, we did not monitor the activity of birds or the amount of time they spent outdoors on pasture; however, the relationship between access to pasture and different broiler chicken strains (slow, medium, and fast growth) requires further investigation.
It has been reported that Brazil nut has high levels of selenium compared to other feed ingredients (NIH 2016 ). We did not analyze the diet for selenium. However, there are studies that suggest dietary selenium levels could affect performance. Choct et al. (2004) reported that male broilers receiving 0.1 mg/kg of selenium consumed more feed than their counterparts that received 0.25 mg/kg of selenium. In that study, there were no differences in BW, but those on the 0.25 mg/kg of selenium had an improved FCR compared to those on the 0.1 mg/kg. Besides high amounts of sulfur amino acids in Brazil nut (Milfort et al. 2017) , high levels of selenium may reflect the favorable cumulative FCR of the chickens in the Org_Org treatment.
The dietary treatment and production environment did not affect the carcass yield and carcass composition. Fanatico et al. (2009) and Moyle et al. (2014) also reported similar results in fast-growing broilers with or without access to pasture. However, in slow-growing broiler chickens, Ipek and Sozcu (2017) reported that chickens with access to pasture had lower breast and abdominal fat yields compared to their counterparts raised conventionally with no access to pasture. The current study focused on the utility of Brazil nut as a substitute for synthetic Met in different phases of organic broiler chicken feed. Future studies need to include cost optimization of the diet and the use of a wider array of organic ingredients for improving growth and performance of organically raised broilers.
Conclusion
As a proof of principle, the current study has demonstrated that it is possible to formulate an organic broiler chicken diet without synthetic Met supplementation. The tolerance of the chickens to an organic diet with Brazil nut powder may be an issue for young birds and needs to be investigated further. It is also apparent that even in an organic production environment, the NOSB diet is deficient in Met and may not meet the needs of broiler chickens. Also, fast-growing broilers perform better in an organic production environment with access to pasture than their counterparts without access to pasture. Carcass yield is similar in fast-growing chickens with or without access to pasture. Future studies should monitor activity and time spent on pasture in order to evaluate the relationship between foraging behavior, activity, and performance.
